Although considerable evidence suggests that the chemical synapse is a lynchpin underlying affective disorders, how molecular insults differentially affect specific synaptic connections remains poorly understood. For instance, Neurexin 1a and 2 (NRXN1 and NRXN2) and CNTNAP2 (also known as CASPR2), all members of the neurexin superfamily of transmembrane molecules, have been implicated in neuropsychiatric disorders. However, their loss leads to deficits that have been best characterized with regard to their effect on excitatory cells 1, 2 . Notably, other disease-associated genes such as BDNF and ERBB4 implicate specific interneuron synapses in psychiatric disorders 3, 4 . Consistent with this, cortical interneuron dysfunction has been linked to epilepsy, schizophrenia and autism 5, 6 . Using a microarray screen that focused upon synapse-associated molecules, we identified Cntnap4 (contactin associated protein-like 4, also known as Caspr4) as highly enriched in developing murine interneurons. In this study we show that Cntnap4 is localized presynaptically and its loss leads to a reduction in the output of cortical parvalbumin (PV)-positive GABAergic (c-aminobutyric acid producing) basket cells. Paradoxically, the loss of Cntnap4 augments midbrain dopaminergic release in the nucleus accumbens. In Cntnap4 mutant mice, synaptic defects in these disease-relevant neuronal populations are mirrored by sensory-motor gating and grooming endophenotypes; these symptoms could be pharmacologically reversed, providing promise for therapeutic intervention in psychiatric disorders.
Having detected Cntnap4 in developing cortical interneurons, we examined its expression at later stages of development. In situ hybridization revealed that it is widely but sparsely distributed in a location pattern similar to cortical interneurons. Double in situ hybridization demonstrated that almost all Cntnap4-positive cells within the somatosensory cortex are GAD67 (also known as GAD1)-positive ( Fig. 1a and Extended Data Fig. 1b) . Using a Cntnap4-eGFP knock-in allele of EFGP driven from the Cntnap4 locus (Extended Data Fig. 1a) , we assessed its expression in cortical interneuron subtypes. Analysis at postnatal day 21 (P21) revealed that many eGFP 1 neurons also expressed PV (47 6 4%). Conversely, 64 6 3% of all PV 1 interneurons were eGFP 1 ( Fig. 1b and Extended Data Fig. 1d, e) . The remaining 53% of Cntnap4-eGFP 1 neurons were immunopositive for other interneuron markers, reelin (RELN), VIP, NPY and calretinin, but not somatostatin (Extended Data Fig. 1c ). As the mice matured, there was a steady rise in the percentage of Cntnap4-eGFP 1 PV cells. By P60 almost all PV cells expressed Cntnap4 (94 6 3%; PV 1 cells as a proportion of total Cntnap4-eGFP 1 cells was 76 6 2%) (Fig. 1b) , suggesting a possible involvement of Cntnap4 in their maturation.
In addition, Cntnap4 expression was also enriched in the substantia nigra pars compacta (SnC) and ventral tegmental area (VTA) midbrain dopaminergic projection populations. Approximately 90% of the tyrosine hydroxylase (TH)-positive dopaminergic neurons also expressed Cntnap4 (Fig. 1c) .
Previously, Cntnap4 was shown to associate with presynaptic proteins such as NB-2 (also known as contactin 5), as well as Mint1 (also known as Apba1) and CASK, which are important for inhibitory synapses [7] [8] [9] [10] . We examined pre-and postsynaptic fractions prepared from wild type and knockout Cntnap4 animals. Cntnap4 was found to be enriched in synapses, exclusively within the presynaptic compartment (Fig. 1d) . Additional verification of these results was obtained by using a fusion of extracellular Cntnap4 and Fc domains on hippocampal neuronal cultures, demonstrating the majority of Cntnap4 protein is found on the cell body and proximal dendrites in a punctate pattern, co-localized with gephyrin ( Fig. 1e and Extended Data Fig. 1f ). Hence, Cntnap4 is highly expressed in cortical PV cells and midbrain dopaminergic neurons and is localized presynaptically.
To assess Cntnap4 function, we generated two lines of Cntnap4 null mice of mixed inbred background (line no. 149 and line no. 13) by replacing the first coding exon of Cntnap4 with eGFP and a neomycin cassette (Extended Data Fig. 1a ). Focusing primarily on the 149 line, we examined the functional consequences of Cntnap4 loss on the dopaminergic and GABAergic populations. We used fast-scan cyclic voltammetry to monitor axonal dopamine spillover in the caudate putamen (CPu) and nucleus accumbens (NAc) of heterozygous, knockout and wild-type mice 11 . Dopamine release was evoked by single or brief pulse trains (20 pulses at 10 Hz or 5 pulses at varying frequencies). Both heterozygous and knockout mice compared to wild-type animals, showed an increase in peak extracellular dopamine concentration ([DA] o ) that was more pronounced in the NAc than CPu, especially with multiple pulse stimulation (Fig. 2a) . Moreover, evoked [DA] o was enhanced evenly across frequencies varying from 5 to 100 Hz (Extended Data Fig. 2a ) indicating both tonic and phasic firing are affected. Analysis of the maximum dopamine uptake rate, V max 12 , revealed that the rates were somewhat higher in heterozygous and knockout animals compared to wild type (CPu: 7. 48 in wild type). However, the excitability of dopaminergic neurons between knockout and wild-type cells appeared unaffected (data not shown). Hence, increased evoked [DA] o in Cntnap4 mutants does not appear to be a consequence of impaired dopamine transporter activity or intrinsic electrophysiological properties. We conclude that Cntnap4 normally acts to attenuate dopamine release through a presynaptic mechanism. Given the dopamine findings, we expected that GABAergic signalling would also be elevated in mutant mice. However, in Cntnap4 knockout animals compared to controls, spontaneous inhibitory postsynaptic currents (sIPSCs) in pyramidal cells were fewer, smaller and slower (Extended Data Fig. 2b ). Intriguingly, paired-cell recordings between PV and excitatory cells in three-week-old knockout mice had synaptic responses reminiscent of those in immature fast spiking (FS) cells 13 ( Fig. 2b) . IPSC amplitude was reduced and kinetics were prolonged, with longer rise-times and decay tau values (Fig. 2b, c and Extended Data Fig. 2c ). In addition, the average latency of the IPSCs was marginally increased and between-trials variability (jitter) was larger (Fig. 2b, c) . Some of these defects persisted into adulthood and hence were not due to developmental delay (Extended Data Fig. 3a) . By comparing Cntnap4-positive and Cntnap4-negative PV interneurons at P21 (Fig. 2c) we observed that negative cells resembled mutant neurons. This indicates not only that the defects we saw are cell-autonomous (Cntnap4-negative PV-positive interneurons, grey symbols versus Cntnap4 knockout cells, red symbols, Fig. 2c ), but also that Cntnap4 appears necessary for the full maturation of the output of PV-positive interneurons.
We then sought to address the mechanism by which the loss of Cntnap4 affects the function of PV interneurons. A change in the probability of release seems unlikely as the paired pulse ratios in heterozygous and knockout PV interneurons were unchanged (Extended Data  Fig. 2d ). Moreover, no obvious differences in intrinsic firing properties, morphology or synaptogenesis between wild type, heterozygous and knockout animals (Extended Data Fig. 4a-c) were observed. Another possible mechanism is a failure to transition from N-type to P/Q-type presynaptic calcium channels 13, 14 . However, application of the specific N-type calcium channel blocker v-conotoxin GVIA in knockout paired recordings (n 5 3) produced no change in postsynaptic responses (Extended Data Fig. 2e ). Yet another possibility is that Cntnap4 affects the localization of postsynaptic GABA A receptors. Protein samples from P60 Cntnap4 wild-type and knockout cortex were sub-fractionated and tested by western blot for levels of GABA A -c2 (probes for synaptically localized GABA A receptors) as well as GABA A -a1 (enriched in FS-pyramidal synapses) and, if anything, we observed a slightly elevated level for both receptor subunits in Cntnap4 knockout samples (Extended Data Fig. 4d ). As Cntnap proteins help localize glycosyl phosphatidylinositol (GPI)-anchored cell adhesion molecules 15 and neurexins 16 have a structural adhesion role at the synapse, we examined symmetric perisomatic 
synapses onto pyramidal cells by electron microscopy (EM) in adult knockout, heterozygous and wild-type animals (Fig. 3a) . We observed that the cleft width was significantly larger in the heterozygotes versus wild types, and was further increased in the knockout mice (wild type, 14.37 6 0.28 nm; heterozygote, 15.61 6 0.28 nm; knockout, 17.37 6 0.43 nm) (Fig. 3a, b) , whereas the postsynaptic density (PSD) was shortest in the knockout and intermediate in heterozygotes compared to wild-type mice (Fig. 3a, b . A number of synaptic molecules, including Cntnap2, have been extensively implicated in neuropsychiatric disorders. Given the synaptic localization of Cntnap4 and its differential effects on synaptic transmission in dopaminergic versus GABAergic neurons, it is a promising disease 
RESEARCH LETTER
target. Indeed, in addition to a handful of previously reported cases (see Extended Data Fig. 6a and Supplementary Information) our human genetics analysis identified 8 individuals with psychiatric illness and CNTNAP4 gene disruption. Two harboured coding deletions, with one missing the whole gene, the other lacking the last 3 exons. The remaining six individuals had non-coding deletions, all contained within the 59 region of intron II (Extended Data Figs 6-8 and Supplementary Information). Given these findings and the behavioural abnormalities described in Cntnap2 mutant animals 1 , we tested whether Cntnap4 heterozygous or knockout mice exhibited abnormal behaviours consistent with neuropsychiatric disorders: grooming, pre-pulse inhibition (PPI), marble burying and behaviour in an open field arena (OFA) and an elevated plus maze (EPM).
Repetitive, perseverative movements comprise a common behavioural abnormality in individuals with autism spectrum disorders (ASDs) and manifest in mice as over-grooming 20, 21 . Both knockout and heterozygous Cntnap4 mice displayed a severe and highly penetrant over-grooming behaviour, resulting in whisker, face and sometimes body hair loss but rarely lesions (Fig. 4a) . This was observed equally in male and female mice, and was apparent before weaning (Fig. 4b) . It was even evident in wild-type offspring raised by mutant parents. By cross-fostering, we established unequivocally that allo-grooming in affected litters was always associated with the presence of a mutant Cntnap4 allele (heterozygous or knockout) in one or both of the parents (Extended Data Fig. 9g ). Strain differences also affected this behaviour, as line no. 13 did not display robust over-grooming when crossed onto an outbred background, but regained it when re-crossed into an inbred strain (Supplementary Information). Moreover, the observed over-grooming behaviour in mutant mice is unlikely to stem from overt changes in anxiety levels or deficits in locomotion, as OFA, EPM and marble burying tests did not reveal significant differences between the three genotypes (Extended Data Fig. 9a-f) .
In addition to perseverative behaviours, neuropsychiatric patients often show impaired ability to process sensory information 22 . We performed PPI of the auditory startle reflex 22, 23 and found that heterozygous and knockout mice exhibited both elevated startle responses and abnormal PPI indexes (Fig. 4c, d ). On the basis of our cellular findings, we reasoned that the behavioural phenotypes might be reversed by augmenting inhibitory output and by dampening dopaminergic signalling.
There is extensive literature linking increased activity in the dopaminergic system and overt repetitive behaviours in both mice and humans 24, 25 . We therefore administered the D2 receptor antagonist haloperidol via slow-release pellets (0.2 mg per kg or 0.6 mg per kg) implanted subcutaneously 26 . Haloperidol-treated parents showed a significant reduction in their own grooming score and did not over-groom their pups (Fig. 4f) . In contrast, the pairs treated with vehicle did not show any overall hair and/or whisker recovery and continued to over-groom themselves and their offspring (Fig. 4f) . After the 90-day treatment period when haloperidol levels were depleted, over-grooming progressively re-emerged (Fig. 4f, g ). The effect of haloperidol on grooming was not the result of hypoactivity (Extended Data Fig. 10a ). Therefore, increased dopaminergic signalling in mutant Cntnap4 mice in vivo leads to over-grooming, a behaviour that can be rescued by chronic pharmacological treatment.
In order to assess if the defects in GABAergic transmission can account for the heightened startle or PPI defect in Cntnap4 mutant animals, indiplon was administered. Indiplon is a highly specific positive allosteric modulator for GABA A receptors containing the a1 subunit 27, 28 , enriched in PV basket cells synapses 29 . Indeed, indiplon application in vitro (300 nM) enhanced spontaneous IPSCs recorded from layer 2/3 cortical pyramidal cells of Cntnap4 mutant mice (Extended Data Fig. 10c ). Acute administration of indiplon by oral gavage 27 restored the startle response in knockout and heterozygotes to wild-type levels ( Fig. 4e) . At the same dosage, wild-type animal startle was unaffected (Fig. 4e) . Indiplon did not however affect PPI in knockout, heterozygote or wild-type animals (Extended Data Fig. 10b ). This suggests that the GABAergic system is involved in the proper maturation of sensorymotor processing. Consistent with defective PV cell output, Cntnap4 mutant mice exhibited mild epileptiform-like activity under deep anaesthesia that was not seen in controls (Extended Data Fig. 3b ).
Our results show that Cntnap4 is located presynaptically and indicate that it functions in two distinct ways depending on the system. In dopaminergic synapses, which work by volume transmission on a relatively Cntnap4 mutant mice can be rescued by specific pharmacological intervention. a, Over-grooming score (g.s.) in Cntnap4 mutant mice from 1-4 (1, lacks whiskers; 2, lacks whiskers and snout hair; 3, complete facial hair loss; 4, additional body hair loss). b, Grooming score for 165 Cntnap4 mice. c, Increase in pre-pulse inhibition at 90 dB between mutant and wild type (WT, n 5 15; HET, n 5 12; KO, n 5 10; WT versus HET, P , 0.05; WT versus KO, P , 0.05; one-way ANOVA, Tukey's post-hoc test). d, Increase in startle response amplitude in mutant versus wild type (WT, n 5 15; HET, n 5 12; KO, n 5 10; WT versus HET, P , 0.05; WT versus KO, P , 0.001; HET versus KO, P , 0.05; one-way ANOVA, Tukey's post-hoc test). e, Startle amplitude in mutant mice was normalized upon acute administration of indiplon, but was unaffected by chronic delivery of haloperidol. f, Amelioration of over-grooming behaviour by chronic haloperidol (halo) administration. After the end of the haloperidol regimen, over-grooming returns. Early haloperidol treatment is 90 days after implantation; late haloperidol is 180 days after implantation (vehicle, n 5 58 pups; high haloperidol, n 5 19 pups; low haloperidol, n 5 44; early post-haloperidol, n 5 24 pups; late post-halo, n 5 17 pups). g, Representative vehicle-and haloperidol-treated adult heterozygote before and after 60 days of haloperidol treatment. Re-emergence of facial hair and whiskers in treated mouse only.
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slow timescale, mis-regulated release has a prominent role. In contrast, the GABAergic system works through fast synaptic transmission to deliver properly timed inhibition, and as a result the structural abnormality in the synapses predominates and leads to less efficient output with slower kinetics. Thus, in each instance, the kinetics of the system dictates the outcome of the loss of protein. Intriguingly, our findings that the loss of Cntnap4 results in opposing failures in neurotransmission in the dopaminergic and GABAergic systems are consistent with the deficiencies observed in neuropsychiatric patients 5, 30 .
METHODS SUMMARY
Cntnap4 knock-in mice used in this study were generated by introducing enhanced GFP (eGFP) in frame with Cntnap4 start codon. To characterize gene expression, eGFP was used to represent Cntnap4-expressing cells in the brain. Western blot analysis for Cntnap4 localization was performed on adult mouse cortex using a Cntnap4 rabbit polyclonal antibody described previously 8 . The Cntnap4-Fc fusion protein was applied to live neuronal cultures for in vitro localization studies. Evoked extracellular dopamine release was measured using fast-scan cyclic voltammetry of P60 in vitro slice preparations in wild type, heterozygous and knockout animals 11 . For paired cell recordings between FS and excitatory neurons, Cntnap4 mice were crossed to a parvalbumin-cre:RFP reporter background to enable targeted physiological recordings. For synaptic ultrastructural analysis, P60 Cntnap4 wild type, heterozygous and knockout animals were analysed by electron microscopy, focusing on perisomatic inhibitory synaptic contacts. Cntnap4 mice were assessed by a number of behavioural analyses including grooming score and pre-pulse inhibition 28, 29 (San Diego Instruments). Pharmacological rescue was performed using indiplon (Tocris), which was administered acutely by oral gavage as well as haloperidol (Innovative Research of America), which was delivered chronically via subcutaneous slowrelease pellet 27 .
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
METHODS
Human genetics CNV identification. The subjects included in this study that have been reported in previously published work have given their consent [31] [32] [33] . In the case of the new cohort of 784 patients with ASD, it was approved by the local Institutional Review Board (IRB) and written informed consents were obtained from all participants of the study. The local IRB are the Comité de Protection des Personnes (Île-de-France Hôpital Pitié-Salpêtrière Paris, France). Written informed consent was obtained from all participating subjects. As proband of family II was under 18 years old, the proband's consent and written parental consent were obtained.
Genome-wide SNP genotyping for ASDs 31 and ADHD 32 cases and controls was done using the InfiniumII HumanHap550 BeadChip (Illumina) at the Center for Applied Genomics at the CHOP and with the Illumina Infinium 1M array at the Centre for National Genotyping (CNG, Evry, France). Schizophrenia 33 samples were genotyped using the Affymetrix 6.0 array. To identify copy-number variations (CNVs), we used PennCNV and QuantiSNP. Quality metrics for inclusion included: identification rate . 98%, standard deviation of the normalized intensity (LRR) , 0.35, European descent based on principle components analysis, low genomic inflation factor between case and control populations, (GC base pair wave factor) , 0.05, CNV call count , 70 and no duplicate samples. Statistical association was assessed using Fisher's exact test. CNV validation. TaqMan copy number assay experiments were run on Applied Biosystems 7900HT Fast Real-Time PCR System to validate the presence of deletions on CNTNAP4. Applied Biosystems CopyCaller Software performed relative quantitation analysis of genomic DNA targets using the real-time PCR data from TaqMan Copy Number Assay experiments or the Universal Probe Library (UPL) system from Roche. HS05422219_cn assayed Chr16:74920706 (hg18) on the CHOP deletion overlapping region. Each assay was conducted with 2-3 replicates for target region probe-set and control region probe-set. All deletions predicted by the Illumina array data were positively validated. To test if the deletion extended across the upstream exon 2 of CNTNAP4 which was not definitive based on the Illumina probe resolution, HS02779798_cn assayed Chr16:74907734 (hg18) just upstream of CNTNAP4 exon 2. All samples showed diploid signals indicating that exon 2 was not overlapped by the deletions. Positive and negative controls were used to confirm probe accuracy. SNP analysis. A sample of 232 individuals meeting diagnostic criteria for schizophrenia or schizo-affective disorder and their families were genotyped on a Human Genome-Wide SNP Array 5.0 (Affymetrix), which contains 500,568 SNPs (manuscript in preparation). Among the available data, we extracted information on 1,045 genotyped and imputed SNPs spanning the CNTNAP4 locus and 500 bp on either end of the gene. The sample has been previously described in detail [34] [35] [36] [37] . Average call rate on arrays used in this study was 99.43%. All microarray experiments were performed in the Vanderbilt Microarray Shared Resource. Quality control procedures per family, individual, and marker were performed with PLINK (http://pngu. mgh.harvard.edu/purcell/plink/) 38 and PedStats (http://www.sph.umich.edu/csg/ abecasis/PedStats/). Following quality control we selected samples with a call rate . 95%. We eliminated from the analysis duplicated SNPs, monomorphic SNPs and SNPs with a Hardy-Weinberg exact test P , 10
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. Only SNPs with minor allele frequency . 0.01 were included in the downstream analyses. We also checked for Mendelian inheritance errors among families and removed SNPs with .4 Mendelian errors in the total sample. Imputation of non-genotyped HapMap SNPs was performed with MACH (http://www.sph.umich.edu/csg/abecasis/MACH/) using 100 MarKOv iterations with the two-step procedure recommended in the manual. HapMap Phased Haplotypes (release 22) on CEU subjects were used in the imputation. After imputation, only SNPs with a MACH R 2 . 0.3 were considered further. This estimates the correlation between imputed and true genotypes; a value less than 0.3 flags poorly imputed SNPs 39 . In addition, Mendelian checks and Hardy-Weinberg equilibrium tests were performed to eliminate unreliable imputation calls in order to include imputed genotypes in downstream analyses. Imputed SNPs were then analysed similarly to the genotyped SNPs. Family-based association tests for single SNPs were performed using LAMP (http://www.sph.umich.edu/csg/abecasis/LAMP/). LAMP assesses association by taking into account linkage information from the pedigrees and the multiple generations in the pedigrees and appropriately corrects for family structure 40, 41 . We adopted a free model for the analysis that does not constrain the penetrance for the three genotypes. Generation of mutant mice. The Cntnap4 targeting vector was designed to replace a genomic fragment of 585 bp containing the first exon of the gene, encoding the ATG and the signal sequence, with an in frame egfp, followed by an oppositely directed neo gene (Fig. 1b) . A 2.45 kb genomic fragment located upstream of exon 1 was amplified by PCR from 129SvJ genomic BAC library using primers 59-GACAGT CTTAAATAGCCTAGAATC-39 and 59-CTCCAGCGCTCTGAGAGCCA-39 and cloned into pKO-901 Scrambler vector (Lexicon Genetics) containing GFP. A 6.6 kb fragment downstream of exon 1 was amplified using the primers 59-GACATACT GCAGACTTCGCGG-39 and 59-CATGCACCATGTATGCGCAGGA-39 and cloned into the same plasmid, followed by the insertion of a neomycin selection cassette between the two homology arms. A promoter-driven diphtheria toxin A fragment (DT) that was then added and used to select against random integration. This targeting vector resulted in a deletion of 585 bp R1 ES cells were electroporated with the linearized targeting construct, and recombinant ES clones were selected with G418. Clones containing correctly targeted integrations were identified by Southern blot analysis of EcoRI-digested genomic DNA using a probe (prepared by PCR using primers 59-CATGTATAAGCTCTCTCCTTCCG-39 and 59-CTGACAGC ACAGHGCCCAGACC-39) located outside of the targeting vector sequence. Correctly targeted ES cell lines were used to produce chimaeric mice by aggregation, as previously described 42 . Chimaeric mice were mated with ICR females, and germline transmission was detected by coat colour and Southern analysis of tail DNA. Genotyping of progenies was performed by PCR of genomic tail DNA using the primer sets described in Fig. 1a ; a (within the first intron) ACACTACTTAAGCG GGTGGTG; b (within exon 1) GGATCTGTCGCTGGAGCTG; and c (within the neo gene) CCTCTGAGCCCAGAAAGCG. Two lines were generated (designated no. 13 and no. 145) from two different ES clones. These lines were backcrossed once (no. 149) or five times (no. 13) to ICR and then kept intercrossed. Most of the data presented was obtained using knockout line no. 149. All experiments were performed in compliance with the relevant laws and institutional guidelines and were approved by the Animal Care and Use Committees of NYU and the Weizmann Institute. RNA analysis. Total RNA was isolated from freshly dissected tissues using either TRI-reagent (Sigma-Aldrich) and cDNAs were obtained with SuperScript-II reverse transcriptase (Invitrogen) using oligo-dT. The following specific PCR primer sets were used for RT-PCR analysis: actin, 59-GAGCACCCTGTGCTGCTCACCGA GG-39 and 59-GTGGTGGTGAAGCTGTAGCCACGCT-39; Cntnap4 (exons 1-3), 59-GGATCTGTCGCTGGAGCTG-39 and 59-CCACTATCACTGAACATCAG G-39; Cntnap4 (exons 2-4), 59-GGTCCCCACTTGTGTCCAAC-39 and 59-TAC AACCACCGGTATGCAC-39. Antibodies and western blot analysis. Brains were homogenized in 20 mM HEPES pH 7.4, 0.32 M sucrose, 1 mM EGTA, 1.5 mM MgSO 4 , protease inhibitors (Sigma P8340) centrifuged at low speed (1,000g) for 10 min. Supernatants were collected and centrifuged at high speed (20,000g) for 1 h. Pellets were then solubilized in 2% NP-40, 2 mM MgCl 2 , protease inhibitors (Sigma P8340) in PBS, incubated on ice for 15 min and centrifuged at high speed (20,000g) for 15 min. SDS-PAGE and western blotting was carried out as previously described 43 with the exception that the chemiluminescence signal was detected using the ChemiDoc MP System (BioRad). Affinity purified antibodies against Cntnap4 (rabbit (rb) 1:500) were generated as described previously using a GST-Cntnap4CT (CT, carboxyl terminus) Sepharose 44 .
To quantify postsynaptic GABA A receptors and other synaptically localized proteins, the following antibodies were employed: GABA A -a1 (NeuroMab, mouse (ms) 1:1,000); GABA A -c2 (PhosphoSolutions, rb 1:1,000); N-cadherin (BD Pharmingen, ms 1:1000); PSD-95 (NeuroMab, ms 1:1,000); gephyrin (Synaptic Systems, ms 1:1,000). Blots were visualized using IRDye secondary antibodies (Li-Cor, 1:30,000), scanned and quantified using the Li-Cor Odyssey system. Presynaptic and postsynaptic fractionation. Synaptosomal fractions from mouse brain were prepared as described previously 45 . Presynaptic and postsynaptic fractions were prepared from synaptosomes by extraction at differential buffer pH as described previously 46, 47 . Equal amount of fractions (20 mg) were loaded onto an SDS-PAGE gel. Western blots were probed with different antibodies. Synaptophysin was used as loading control for WB, P2, whole synaptosome, and presynaptic fractions. PSD-95 was used as a loading control for postsynaptic fractions. In vitro voltammetric dopamine recordings. Coronal striatal slices (350-mm thick) were prepared from male littermate Cntnap4
, Cntnap 2/1 and Cntnap4 2/2 mice (3 to 4 months old, 4 mice per genotype, 2 slices per mouse) using a VT1200S vibrating blade microtome (Leica Microsystems) and allowed to recover for at least an hour at room temperature as described previously 48, 49 . To decrease any bias in dopamine recordings, we examined 2 mice per experimental day using a design in which each mouse genotype was assessed either first or second on the experimental day and paired with one of each of the other genotypes.
For recording, slices were transferred to a submersion chamber (Warner Instruments) maintained at 32 uC and superfused at 1.2 ml min 21 with bicarbonate-buffered aCSF containing (in mM): NaCl (124); KCl (3.7); NaHCO 3 (26); MgSO 4 (1.3); KH 2 PO 4 (1.3); glucose (10); CaCl 2 (2.4), and saturated with 95% O 2 /5% CO 2 . After a brief equilibration period of 30 min, fast-scan cyclic voltammetry with carbon fibre electrodes was used to monitor [DA] o evoked by local electrical stimulation (0.1 ms pulse duration, 0.4 mA amplitude) CPu and NAc core, as described previously 48, 49 . Carbon-fibre electrodes (30-70 mm length) were constructed in-house using a 7 mm diameter carbon fibre (Goodfellows) according to methods described by Patel and Rice 18 . Fast-scan cyclic voltammetry measurements were made using a Millar voltammeter (available by special request to Dr. Julian Millar at St. Bartholomew's and the Royal London School of Medicine and Dentistry, University of London, LETTER RESEARCH UK). The scan range used was 20.7 V to 11.3 V (versus Ag/AgCl), scan rate was 800 V s
21
, and the sampling interval was 100 ms. The experimental design for each slice involved sampling [DA] o , evoked by a single pulse or by a brief pulse train of 20 pulses at 10 Hz in 8 recording sites (4 sites for each stimulation parameter), within the dorsolateral CPu and 8 recording sites in the NAc core. Given that 2 slices were examined per mouse, this gave a total n number of 8 recordings for each stimulation parameter per region in each mouse. A frequency response curve (5 pulses, 5, 10, 25, 50 and 100 Hz) was also collected for each region in each slice 49 . Identification of released dopamine was based on voltammograms with single oxidation and reduction peak potentials that define the voltammetric signature of dopamine 48 . Evoked [DA] o was quantified by postexperimental calibration of carbonfibre electrodes with known concentrations of dopamine at 32 uC
48
. To quantify changes in dopamine uptake by the DAT, we fitted the initial segment of the falling phase of single-pulse evoked [DA] o curves to the Michaelis-Menten equation to extract V max (the maximal rate constant for uptake which is proportional to the number of functional DATs) values (for details see refs 50, 51). The value of K m (which is inversely related to the affinity of the DAT for dopamine) was fixed at 0.9 mM 50,51 and assumed not to be altered in the transgenic lines. The use of single pulses for this analysis allows evoked [DA] o to be assessed in the absence of autoreceptor regulation by endogenous dopamine and avoids modulation by concurrently released glutamate or GABA 48, 52 . In vitro electrophysiology Acute slice preparation. Mice of postnatal day 17-22 or 60-90 were anesthetized and decapitated, and their brains quickly removed and placed into ice-cold highsucrose artificial CSF (ACSF) (composition in mM: 85 NaCl, 25 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 7 MgCl 2 , 10 glucose, 75 sucrose) saturated with 95% O 2 , 5% CO 2 , at pH ,7.3. Using a vibratome (VT 1000S; Leica Microsystems or Vibratome), coronal sections (250-300 mm) were cut containing the somatosensory barrel field cortex. The slices were allowed to recover in recording ACSF (same as above but 130 NaCl, 2 CaCl 2 , 2 MgCl 2 , 0 sucrose) at room temperature for at least 45 min before recording. Acute slices were then placed in a recording chamber mounted on the stage of an upright microscope (Axioscope; Zeiss) equipped with immersion differential interference contrast objectives (35, 340) coupled to an infrared camera system (Zeiss), superfused at a rate of 1-2 ml min 21 with oxygenated recording ACSF, and maintained at a temperature of 31 6 1 uC. Electrophysiological recordings and data analysis. Experiments were performed in current-clamp mode using the Axoclamp 2B (Molecular Devices) or the Axopatch 200B amplifier and in voltage clamp using the latter.
When recording in current-clamp mode for assessing the active and passive membrane properties, cells were patched with electrodes containing the following (in mM): 126 K-gluconate, 10 HEPES, 10 Na2-phosphocreatine, 4 KCl, 4 Mg-ATP, 0.3 Na-GTP, pH 7.3, with KOH; the osmolarity was ,280 mOsmol. A series of sub-and supra-threshold current steps were applied and the analysis was done in Clampfit. The resting membrane potential (V rest ) was ascertained in current clamp right after rupturing the patch by applying zero current.
Spontaneous synaptic currents were recorded using a pipette filled with 40 mM KCl and 90 mM K-gluconate with the rest being the same as for current clamp recordings (see above). The rationale for using such a concentration of KCl was to try to differentially amplify the proximally occurring spontaneous IPSCs (sIPSCs) such as the ones coming from PV basket cells compared to all other IPSCs. The currents were filtered online at 3 kHz and recorded with a sampling rate of 10 kHz for at least 120 s. The series resistance was compensated online by 50%. No correction was made for the junction potential between the pipette and the ACSF. Individually acquired sIPSCs were recorded at V H 5 265 mV after application of kynurenic acid (3 mM) or a combination of CNQX (20 mM) and D-AP5 (20 mM). The recorded files were analysed using Minianalysis software (Synaptosoft, Decatur, GA, USA). The synaptic values were obtained for the average trace after visual inspection of individual events. The decay time was calculated by fitting the average trace with a single exponential. For generating the cumulative distribution plots and performing the K-S statistics all the individual events were taken for all the cells recorded in each group and were compared against each other.
For paired-cell recordings the recording pipettes were filled with the following (in mM): 88 KCl, 42 K-gluconate, 10 HEPES, 10 Na2-phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP, pH 7.3 with KOH, to increase the driving force for Cl 2 ions (E Cl 5 211 mV) to the extent that the IPSC polarity was inward at the holding potential (V H ) of 280 mV. Biocytin was added to the intracellular solutions before recording at a final concentration of 0.1-0.5% (w/v). Recording electrodes had resistances between 4 and 6 MV. Access resistance was always monitored to ensure the stability of recording conditions. Cells were only accepted for analysis if the initial series resistance was # 20 MV and did not change by .20% throughout the recording period. No correction was made for the junction potential between the pipette and the ACSF, and therefore the recorded membrane potential, as calculated post hoc using a junction potential calculator, was 11 mV more depolarized than the true membrane potential for high-Cl 2 intracellular solution. The presynaptic cells were held at 270 mV and the postsynaptic neurons were voltage clamped at the same potential, but during the occurrence of presynaptic action potentials a voltage pulse was applied that hyperpolarized the cell to 280 mV to obtain unitary IPSCs. Postsynaptic currents were filtered at 3 kHz and recorded with a sampling rate of 20 kHz. They analysis of the synaptic events was performed in Clampfit.
All values presented in the manuscript are average 6 standard error of the mean (s.e.m.) and all the statistical values are obtained doing a standard Student's t-test, a Mann-Whitney or a Kolmogorov-Smirnov test (*P # 0.05, **P # 0.01, ***P # 0.001). In vivo electrophysiology. Wild type, heterozygous and homozygous adult Cntnap4 mutant mice were anaesthetized with ketamine/xylazine (100 mg per kg ketamine, 20 mg per kg xylazine, i.p.). A maintenance injection (10 mg per kg ketamine, 2 mg per kg xylazine) was given every 30 min. Depth of anaesthesia was verified periodically throughout the experiment by absence of the foot withdrawal reflex. Mice were placed in a sterotaxic frame and secured in place with ear bars (David Kopf Instruments). Body temperature was maintained at 37 uC 6 1 uC using an electric heating blanket. An incision was made along the midline of the scalp to expose the skull and a craniotomy 1 mm in diameter was made with a dental drill over primary somatosensory cortex (approximately 1 mm posterior and 3 mm lateral to bregma). A well was made around the craniotomy with QwikSil, and the exposed brain was kept moist by application of normal saline. A small hole was made in the dura and a 32-channel silicon probe (a linear array of 32 contacts, 50 mm apart) was positioned normal to the cortical surface with the most superficial contact just above the surface of the brain. An hour after positioning the probe, a series of 1-min recordings was made every 2-5 min. Maintenance doses were discontinued for 30-60 min, until the LFP exhibited a reduction in the amplitude of the slow oscillation, at which point a large dose of ketamine/xylazine (150 mg per kg ketamine, 30 mg per kg xylazine) was given. Data acquisition and analysis was performed using custom routines written in Igor Pro (Wavemetrics). LFPs for analysis were obtained by subtracting the signal from the most superficial recording site from the signal from a site 600-700 mm deep. Field spikes were defined as negative deflections in the LFP greater than three standard deviations in amplitude. Immunohistochemistry. Mice were trans-cardially perfused with 4% ice-cold paraformaldehyde (PFA), the brain was removed from the skull and immersed in 4% PFA for an hour. It was then washed at least 3 times for 5 min each and subsequently immersed in 25% PBS sucrose solution overnight. The following day it was mounted in OCT and 12-mm sections were cut using a cryostat and collected on glass slides. After blocking with 10% donkey serum in 0.3% Triton PBS for an hour at room temperature (RT), slices were incubated with primary antibodies at 4 uC overnight. The following day the slices were washed at least three times for 10 min each in PBS and then incubated with the secondary antibody for 1 h at RT. The slices were then washed a few times and mounted in Fluoromount-G for visualization under an epifluorescent microscope (Zeiss AxiosKOp using Spot Advanced software) or under a confocal microscope (Zeiss LSM 510 Meta system).
The molecular expression profiles and layering of Cntnap4-positive interneurons was analysed on somatosensory barrel cortex slices at P21, P30 and P60 brains from Cntnap4 wild type, Cntnap4 heterozygous and knockout littermate mice, which were counterstained with DAPI.
The following antibodies were used at specific concentrations: rabbit anti-GFP (1:20,00; Invitrogen), rat anti-GFP (1:2,000; Nacalai Tesque), goat anti-GFP (1:2,000; Rockland), mouse anti-parvalbumin (1:1,000; Sigma), guinea pig anti-parvalbumin (1:1000; a gift from Dr. D.A. Lewis, University of Pittsburgh) rat anti-somatostatin (1:500; Millipore Bioscience Research Reagents), rat anti-somatostatin (1:250; Chemicon), rabbit anti-neuropeptide Y (1:500; ImmunoStar), rabbit anti-vasoactive intestinal polypeptide (1:500; ImmunoStar), mouse anti-calretinin (CR) (1:1,500; Millipore Bioscience Research Reagents), rabbit anti-calretinin (1:1,500; Millipore Bioscience Research Reagents), mouse anti-reelin (CR50) (1:500; MBL). Secondary antibodies conjugated with Alexa Fluor dyes 488, 594 or 643 (Invitrogen) or AMCA (Jackson Immunoresearch) raised from the same host used for blocking serum were chosen for signal visualization. Fluorescent images were captured using a cooled-CCD camera (Princeton Scientific Instruments) using MetaMorph software (Universal Imaging). Double in situ hybridization. Sections were dried for 1 h before 10 min fixation in 4% PFA. After wash, endogenous peroxidase activity was quenched by 1.5% H 2 O 2 in methanol for 15 min at room temperature. Sections were then treated in 0.2 M HCl for 8 min before a proteinase K treatment (10 mg ml
21
; Roche) for 3 min and a post-fixation in 4% PFA for 10 min at 4 uC with washing steps in between. Before hybridization, the tissue was acetylated in TEA (tetraethylammonium) (0.185 g ml
; Sigma-Aldrich), 0.5N NaOH, and 0.25% acetic anhydride (Sigma-Aldrich). The digoxigenin (DIG)-and FITC-labelled probes (full-length cDNA probes of Gad67, Cntnap4 (ref. 44 ) were mixed 2 ml per slide in 250 ml of hybridization buffer (50% formamide, 10% dextrane sulphate, 0.25 mg ml 21 yeast RNA, 0.3 M NaCl, 20 mM Tris, 5 mM EDTA, 10 mM NaPO 4 , and 1% N-lauroylsarcosine in Denhardt's solution)
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After hybridization, the sections was rinsed in a 23 SSC with 50% formamide solution for 30 min at 65 uC before several washes in RNase buffer (0.5 M NaCl, 10 mM Tris, pH 7.5, and 5 mM EDTA, pH 8.0). The tissue was treated with RNase (20 mg ml 21 ; Roche) in RNase buffer for 30 min at 37 uC before rinsing in decreasing amounts of SSC (23, 0.23, and 0.13) for 15 min at 37 uC each. After equilibrating in TN buffer (0.1 M Tris, pH 7.5, and 0.15 M NaCl), the sections were blocked in 0.5% blocking reagent (Roche) in TN buffer for 30 min at room temperature. The sections were then incubated with primary antibody against FITC or DIG overnight at 4 uC. On the third day, sections were rinsed in TNT buffer (TN buffer with 0.05% Tween 20) before amplification and visualization step using the TSA Plus Cyanine 3/Fluorescein System (PerkinElmer) according to the manufacturer's instructions (10-60 min incubation). After washes in TNT, the peroxidase was quenched in 3% H 2 O 2 in TN for 2 h at room temperature before incubation with the other primary antibody for 1 h at room temperature followed by visualization using the same kit as above. After washes in TNT, sections were incubated in DAPI before mounting in Fluoromount-G. Images were obtained using a confocal microscope (Zeiss LSM 510 Meta system). Hippocampal cultures. Cultures were prepared from embryonic day 19 Sprague Dawley rat embryonic brain tissue. Animals were killed by CO 2 in compliance with New York University Medical Center's Institutional Animal Care and Use Committee. Hippocampal neurons were prepared as described previously 53 . Neurons were plated at a density of 100,000 cells on poly-L-lysine-coated glass coverslips in a six-well plate for immunofluorescence. Neurons were grown in Neurobasal medium with B27 (Invitrogen). At the first change of medium, a one-time dose of the drug AraC (4 mM; Sigma-Aldrich) was added to inhibit growth of dividing cells for immunofluorescence experiments 54 . All immunocytochemical reactions were performed on five-week-old cultures.
To identify localization of Cntnap4 binding, a tagged-Cntnap Fc protein was applied in the cultures as described previously 55 . Briefly, live cells are washed with binding buffer, incubated with 100 nM control human Fc or Cntnap4-Fc for 90 min at room temperature, rinsed five times and then fixed with 4% PFA in PBS. After rinsing with HEPES buffer, endogenous alkaline phosphatase (AP) activity was inactivated by heating at 65 uC for 30 min. An AP-conjugated antibody was applied to visualize signal. For experiments in which cells were double-labelled with gephyrin, cells were permeabilized after fixation, AP heat inactivation was not performed. Mouse anti-gephyrin (1:250; Synaptic Systems) was then applied applied and antihuman Alexa 488-conjugated secondary and anti-mouse Alexa 594 were used to visualize signal. Transmission electron microscopy:. The mice were aneasthetized and were perfused transcardially with saline followed by fixative containing 4% paraformaldehyde (PFA) and 2.5% glutaraldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Brains were sliced using a brain slicer so as to obtain only parts of the somatosensory barrel field cortex. The cut pieces were then post-fixed with the same fixative at room temperature for 2 h and then at 4 uC overnight. After washing with PB 3 times for 15 min, the samples were fixed in 1% OsO 4 for 2 h, block stained with 1% uranyl acetate for 1 h, dehydrated in ethanol and embedded in EMbed 812 (Electron Microscopy Sciences, Hatfield, PA). Then 60-nm ultrathin sections were cut and stained with uranyl acetate and lead citrate by standard methods. Stained grids were examined under a Philips CM-12 electron microscope (FEI; Eindhoven, The Netherlands) and photographed with a Gatan (4k 3 2.7k) digital camera (Gatan, Pleasanton, CA). For analysing perisomatic inhibitory synapses, we first identified pyramidal cells based on their characteristic body shape from which an apical dendrite emanated towards the pia. The soma was surveyed under high magnification and symmetric synapses were identified as appositions between terminals containing vesicles and most of the times mitochondria and soma membrane bearing a very narrow postsynaptic density (PSD). The synaptic cleft was measured as the gap between the presynaptic and postsynaptic membranes under digitally zoomed-in images and the synaptic length as the length of the PSD. For excitatory synapses randomly selected assymetric contacts were captured against unidentified elements and the synaptic cleft and PSD length were analysed similarly to the inhibitory synapses and as previously reported. The analysis was performed in ImageJ (NIH). Although it was not originally done blind by the authors, an independent individual not part of the study assessed half of the data set blindly and verified the original findings.
Only synapses with a clear post-and presynaptic element were included in the analysis for synaptic length. Only synapses that had a clear synaptic cleft separating the pre-and post-synaptic elements were taken for width measurements. Behavioural testing. The behavioural testing was done in the following order: OFA-EPM-PPI in 3-4 cohorts of mice. Open field analysis (OFA). OFA was measured in an activity test chamber (27.3 cm 3 27.3 cm) in a self-enclosed sound attenuating cubicle (Med Associates, St. Albans, VT) with 16 infrared light beams per side. Mice were released into the centre of the OFA for testing. The activity of the mouse over 10 or 15 min was determined by beam breaks and recorded by computer for subsequent analysis. The apparatus was thoroughly cleaned with 70% isopropanol before each mouse was tested. The periphery and centre were arbitrarily defined (6 cm in 27.3 cm) and the dependent variables measured were distance travelled, time in the periphery versus time in centre and vertical time. Illumination levels during testing were maintained at a constant 60 lx. Elevated plus maze (EPM). The EPM consisted of four white, equally spaced arms, 39 cm in height and 33.9 cm from the centre of the apparatus. Two opposing arms were each enclosed by white walls extending 15.3 cm above the surface and two arms were open. Individual mice were placed in the centre of the maze to start and their activity recorded on computer for 5 min by video camera (Bosch LTC 0335). Animals were released using bottomless holding chamber at the start of the test. The animals' movements were captured and analysed with Ethovision XT software (Noldus, Wageningen, Netherlands). The apparatus was thoroughly cleaned with 70% isopropanol before each mouse was tested. Dependent variables were distance covered and time spent in the exposed versus enclosed arms and centre. Illumination levels during testing were maintained at a constant 195 lx. Pre-pulse inhibition. PPI was determined using SR Lab startle response chambers (San Diego Instruments, San Diego, CA, USA). Each mouse was placed into a Plexiglas cylinder attached to a piezoelectric sensor. The startle response to an acoustic stimulus was measured in the presence of a 65 dB white noise background that began a 5-min acclimation period. Each session consisted of a randomized block design of 40 trials that presented a 20 ms pre-pulse of 74, 82 or 90 dB followed 100 ms later by either a 40 ms 120 dB startle pulse or no pulse at all (null). The ITI averaged 15 s but was pseudo-randomized during presentations. The apparatus was thoroughly cleaned with 70% isopropanol before each mouse was tested. The percent PPI for each pre-pulse startle stimulus was determined by dividing the startle response to a pre-pulse stimulus by the startle response for that trial, multiplying the quotient by 100 and subtracting the product from 100 (100 2 (pre-pulse startle response/ startle response) 3 100) for each trial. The mean response for each group, wild type, heterozygous and knockout mice was calculated for each pre-pulse stimulus level. For the indiplon experiments, the drug was orally gavaged at a concentration of 10 mg per kg 30 min to 1 h before performing the PPI test, as that is when the drug reaches its peak concentration in the brain 56 . Animals were excluded from the analysis when non-responsive to the acoustic stimulus, presumed to have hearing deficits. Grooming. Mice were scored on a scale from 1-4 depending on the extent of their grooming. A score of 0.5 means that the whiskers were half the length of controls, whereas 1 means that they were trimmed all the way to the skin. A score of 2 indicates that the hair around whiskers was also gone, 3 that there was a more extensive and spread facial hair loss and 4 indicates additional body hair loss. For the pharmacological rescue of the overgrooming phenotype, custom-made slow release pellets lasting for 90 days were used (Innovative Research of America, Sarasota, Florida) and placed subcutaneously using a 10 gauge precision trochar in wild-type and heterozygous mice under 5 min of isoflurane anaesthesia. Marble burying. Mice were placed in the middle of a cage (27 3 16.5 3 12.5 cm) with 5 cm high corncob bedding that had 20 black marbles of ,14 mm diameter gently placed in a 4 3 5 arrangement as previously reported 57, 58 . One picture was taken before putting the mice in the cage and another after taking the mice out of the cage. The mice were video-monitored for 10 min and the extent of marble burying was assessed by comparing the two pictures in terms of overall dark pixels present, using ImageJ software (NIH). The analysis was done blind and white noise was present during testing. Antibodies used in this study. LETTER RESEARCH
